ABSTRACT In 5G wireless networks, the system capacity and the number of users will be significantly increased. However, the energy consumed for the communication will also be increased, which results in low system energy efficiency. Simultaneous wireless information and power transfer (SWIPT) can enable the user to perform energy harvesting from the radio-frequency signals parallel with the information decoding, which can effectively improve the system energy efficiency. In this paper, we study the energy efficiency optimization problem for the orthogonal frequency-division multiplexing-based 5G wireless networks with SWIPT, in which the subcarrier and power allocation are jointly optimized to maximize the system energy efficiency for single user and multiple user cases. For those two cases, through mathematical transforming, we use the Dinkelbach iterative method and the Lagrange dual method to solve the non-convex energy efficiency optimization problem. Simulation results show that compared with other algorithms, our proposed algorithm can achieve higher energy efficiency.
I. INTRODUCTION
The fifth-generation (5G) wireless networks are currently undergoing a rapid development, which will provide more convenient services. Comparing with 4G wireless networks, 5G wireless networks is able to provide higher data rate, which will be more reliable and stable [1] - [5] . However, it will consume more energy to achieve the higher data rate, which results in the decrease of system energy efficiency [6] , [7] .
Through wireless power transfer (WPT), the wireless devices can be powered from a power source with wireless way. Magnetic induction, Inductive coupling and RF are three main ways to achieve WPT technology. However, Magnetic induction and Inductive Coupling can be only used in the short distance communication, which are rarely applied in the long distance communication networks [8] , [9] . Applying RF based wireless power transfer to traditional communication can not only be used in medium and long distance communication, but can also realize SWIPT.
SWIPT and green communication design are considered as two promising ways to improve the system energy efficiency. In green communication design, the system energy efficiency is achieved through minimizing the consumed energy-perbit under the quality-of-service (QoS) constraint [10] - [12] . A double-loop iteration method is studied in [10] , in which the power and time allocation are optimized to minimize the consumed energy-per-bit. In the orthogonal multiuser channel, Héliot et al. [11] formulated the consumed energy minimization problem with or without power constraint, respectively, in which the optimal energy-per-bit consumption and the optimal energy efficiency are derived. In [12] , Jain et al. quantified the energy efficiency maximization problem as the minimum consumed energy-per-bit, and proposed a decode-and-forward (DF) based cooperative communication scheme to further improve the energy efficiency.
Another way to improve system energy efficiency is to adopt SWIPT technology by harvesting energy from the radio frequency (RF) signals parallel with the information decoding [13] - [16] . Power splitting (PS) and time switching (TS) are two most common methods used in SWIPT technology. In PS method, the power splitter divides the received power into two parts, one part for information decoding and the other for energy harvesting. In [17] , the PS ratio is optimized to maximize the system energy efficiency, in which the tradeoff between system throughput and energy efficiency is performed through satisfying the system minimum transmission rate. In [18] , Huang et al. applied PS to the SWIPT based Internet of Things (IoT) network, where the energy efficiency maximization problem is studied with single IoT device case and multiple IoT devices case. An alternating optimization algorithm based on PS method for multipleinput-multiple-output (MIMO) system is considered in [19] , where the optimal energy efficiency is obtained under the constraints of the transmit power and the minimum spectral efficiency. In TS method, the receiver performs information decoding and energy harvesting by switching the time slot [20] , [21] . Reference [20] investigated time allocation factor optimization problem to maximize energy efficiency. In [21] , Sun et al. proposed the optimal and suboptimal energy efficient power allocation algorithm, which greatly reduced the computational complexity while obtaining the optimal energy efficiency.
Orthogonal frequency division multiplexing (OFDM) is also considered as one of the significant technologies for 5G wireless networks, which can acquire high transmission rate through flexible subcarriers resources allocation [22] - [24] . Combining OFDM and SWIPT technology can not only achieve high transmission rate, but also improve the system energy efficiency. Reference [25] studied secrecy energy efficiency maximization problem in a two-user OFDM SWIPT system, where each user uses PS method and a power allocation and power splitting optimization algorithm is proposed. Reference [26] formulated an energy efficiency optimization problem in a multiuser OFDM SWIPT system, in which the circuit power consumption and the minimum required system rate is also considered. Reference [27] proposed a resource allocation algorithm for OFDM SWIPT system, where PS method is used to harvest energy and decode information. Reference [28] jointly optimized the downlink and uplink energy efficiency for a time-division duplexing (TDD) OFDMA network, where SWIPT technology is conducted in the downlink.
In the existing energy efficiency optimization for the OFDM based 5G wireless networks, PS or TS method is used to realize simultaneous wireless information and power transfer. These two methods require the receiver to equip with a power splitter or time switcher, which will increases the complexity of the communication system. In this paper, we propose a resource allocation based SWIPT scheme to optimize the energy efficiency for the OFDM based 5G wireless networks, in which no splitter or switcher is needed of the system.
The main contributions of this paper can be summarized as follows:
• Different from previous algorithms utilized PS or TS method to optimize energy efficiency, we propose a resource allocation based SWIPT scheme for the OFDM based 5G wireless networks, in which the receiver utilizes a part of the subcarriers to decode information and utilizes the remain subcarriers to harvest energy. Thus, the receiver does not need to equip with a splitter, then the complexity of the communication system will not be increased.
• Through jointly optimizing the subcarrier and power allocation, the system energy efficiency is maximized to guarantee each user achieve its target transmission rate and minimum required harvest energy.
• Simulation results demonstrate the better performance of our proposed scheme by comparing with the benchmark algorithms. The rest of the paper is organized as follows: In Section II, we introduce the system model and the optimal solution for single user system. In Section III, we show the system model and the optimal solution for multiuser system. The simulation results and analysis are presented in Section IV. Finally, we summarize the paper in Section V.
II. SINGLE USER SYSTEM CASE A. SYSTEM MODEL
In the downlink OFDM system, the signal is directly transmitted from the base station to the receiver. We assume that perfect channel state information (CSI) is required of the system and consider the system has N subcarriers. The set of N subcarriers is denoted as N = {1, 2, 3, ..., N }. The channel gain on subcarrier n(n ⊆ N ) is expressed as h n , the total transmit power of the base station is P, and the power on the subcarrier n(n ⊆ N ) is expressed as p n . We also specify that the receiver has a target transmission rate R min , and a minimum required harvest energy B. The receiver uses a part of the subcarriers, n ∈ S I , for information decoding, and uses the remaining subcarriers, n ∈ S P , to harvest energy, where S I ⊆ N , S P ⊆ N , and S I + S P = N , as shown in Fig. 1 , which can be realized through installing OFDMA receiver based on adapting band-pass filter [29] .
Thus, the received transmission rate at the receiver is expressed as
where σ 2 is the variance of additive white Gaussian noise, P = {p n } and S = {S I , S P }. And the harvested energy at the receiver is denoted as
where ε denotes the energy conversion efficiency. 1 The total power consumption of the system can be formulated as
where P B is the fixed power consumption of the electronic devices at the base station, P R is the fixed power consumption of electronic devices at the receiver, the last term in (3), i.e.,− n∈S P (εh n p n + σ 2 ), indicates that the harvested energy can be used to compensate for the power consumption of the system.
Definition 1 (Energy Efficiency of the System):
The ratio of the throughput to the total power consumption [30] , and is defined as
B. PROBLEM FORMULATION AND OPTIMAL SOLUTION
In the single user system, our goal is to maximize the energy efficiency under the constraints of the target transmission rate and the minimum required harvest energy, through optimizing the subcarrier allocation p n and subcarrier sets S P , S I . The optimization problem can be denoted as
:
C4 :
where C1 represents the transmission rate must be larger than the target transmission rate, C2 is the constraint condition of the minimum required harvest energy of the receiver, C3 indicates that all the consumed power cannot exceed the total system power, C4 and C5 represent the constraint of the subcarrier set, and C6 is a non-negative constraint for the power variable.
Without loss of generality, we define the maximum energy efficiency q * as
Theorem 1: The maximum energy efficiency of the system can be obtained if and only if
Proof: Please refer to [31] appendix A for the specific proof process.
Since the energy efficiency expression of P1 is a fractional form, it is difficult to get the optimal solution directly. Theorem 1 gives a method for transforming the original objective function, so next we introduce a new optimization problem
We use the Lagrange dual method and the Dinkelbach iterative algorithm [32] to obtain the maximum energy efficiency, i.e., first given q, and then get the optimal solution of each iteration.
The Lagrangian function of P2 is given by (14) which is displayed at the top of next page.
And the dual equation of the problem (13) is readily shown as follows
where β = {β 1 , β 2 , β 3 } is non-negative dual multiplier, and the dual optimization problem is hence given by
subject to β 0
We use the subgradient method [33] to get optimal {β 1 * , β 2 * , β 3 * }, and is given by 
Denoting β = ( β 1 , β 2 , β 3 ), the dual variables are updated as β (t+1) = [β (t) + δ (t) β] + , where δ (t) denotes step size. Using the step size following the diminishing step size policy in [34] , the optimal dual variable {β 1 * , β 2 * , β 3 * } can be converged by this subgradient method. The computational complexity of this subgradient algorithm is O(V ν ), in which V is dual variables number and ν is a nonnegative integer. In single user system case, we have β 1 , β 2 , β 3 three dual variables, thus, the complexity can be denoted by O(3 ν ).
Then we use two steps to get the optimal {P, S} with a given β.
1) GIVEN S I and S P , obtaining the optimal p n
In order to simplify the calculation process, (14) can be rewritten as
where
Calculating derivative of function (21) with respect to p n (n ∈ S I ) and p n (n ∈ S P ), we can obtain
According to the KKT method [35] , let (22) and (23) equal to zero, the optimal power are given by
p n
where [x] + = max{0, x}, P min and P max represent the maximum and minimum power constraints over each subcarrier. The complexity of obtaining the optimal p n is O(1).
2) OBTAINING THE OPTIMAL S I and S P
Substituting (24) and (25) into (21) we can get
We rewrite (26) as
It can be seen from the above equation that S P is only related to F, so the optimal subcarrier set S P is given by
And the remaining subcarriers belong to S I *
Obviously, the involved complexity is O(N ). So far, we obtain the optimal solution in one Dinkelbach iteration, and the above algorithm to solve P2 is given as follows Algorithm 1 Proposed Algorithm in one Dinkelbach Iteration 1: initialize β 1 , β 2 , β 3 2: repeat 3: obtaining p n * (n ∈ S I ), p n * (n ∈ S P ) in (24) , (25) 4: obtaining S P * , S I * in (29) 
W 1: initialize The maximum number of iterations L and the maximum error τ 2: Set q = 0, i = 1 3: repeat 4: Givenq, obtaining{p n , S P , S I }according to Algorithm 1 5: if R(P, S) − qQ total (P, S) < τ 6: return {p n * , S P * , S I * } = {p n , S P , S I } and q * = R(P,S) Q total (P,S) 7: else 8: Set q =
R(P,S)
Q total (P,S) , and i = i + 1. 9: end if 10: until R(P, S) − qQ total (P, S) < τ is true or i = L
III. MULTIUSER SYSTEM CASE A. SYSTEM MODEL
In the multiuser OFDM system, it is assumed that there are K users, N subcarriers. The set of K users is expressed as K = {1, 2, 3, ..., K }. User k(k ∈ K) utilizes a part of the subcarriers, n ∈ S I k , to decode information, and utilizes some subcarriers, n ∈ S P k , to harvest energy, as shown in Fig. 2 . We also consider that the system has the perfect channel state information (CSI). And h k,n and p k,n represent the channel gain and power of user k on subcarrier n, respectively. In order to avoid interference between subcarriers of different users, each subcarrier can be only used for one user to decode information. Similar to the single user system model, we specify that each user has a minimum target transmission rate R min k , and each user also has a minimum required harvest energy B k . Similar to (1), the transmission rate of user k can be written as
where U = {p k,n } and V = {S I k , S P k }.
Definition 2 (weighted system throughput):
The weighted system throughput is the sum rate obtained by all the users [36] and is given as follows
where w k is a non-negative weight factor. Definition 3 (weighted power consumption of the system): The weighted power consumption of the system refers to the sum of the fixed power consumption of the electronic device and the power consumed by the users, and is shown as follows
harvested by all the users. According to Definition 1, the energy efficiency of the multiuser system is the ratio of the weighted throughput to the weighted power consumption and is given by
B. PROBLEM FORMULATION AND OPTIMAL SOLUTION
From the above analysis, the optimization problem of maximizing energy efficiency for multiuser system can be written as
C9 :
Using the similar approach as in single user case, problem P3 can be converted to (P4): max
The Lagrangian function of P4 is given by (42), which is presented at the top of the next page. VOLUME 6, 2018
And the optimal dual variable {λ * 1,k , λ * 2,k , λ * 3 } are also obtained by subgradient method, as shown below
Similarly, the computational complexity of the subgradient algorithm is O((2K + 1) ν ).
Then we can obtain the optimal p k,n with given S I k and S P k . (42) is very complicated, we use the decomposition method to solve it, which can be decomposed as
where L k is given by (47), which is also shown at the top of this page.
Take the derivatives of L k with p k,n (n ∈ S I k ) and p k,n (n ∈ S P k ), we can get
Let (48) and (49) equal to zero and the optimal power p * k,n can be obtained as
We can easily get the complexity of obtaining the optimal p k,n is O(K ).
Next we obtain the optimal subcarrier set. Substituting (50) and (51) into (47), we can obtain
Thus, the optimal S I * k is given by
And the remaining subcarriers are used to harvest energy, the optimal S P * k can be obtained as
Obviously, the involved complexity is O(N ).
After several Dinkelbach iterations, we can get the maximum energy efficiency of the multiuser system. Thus, the overall algorithm computational complexity is
, where L M denotes the maximum number of iterations.
IV. SIMULATION RESULTS
In this section, we show the simulation results of our proposed algorithms. We consider frequency-selective fading channel, in which the central frequency is 1.9 GHz. And the number of subcarriers N = 32, the noise power σ 2 = −80dbm. In the simulation, for convenience, we let the energy conversion efficiency ε equal to 1, and the fixed power consumption of the receiver and transmitter are 0.05W , the target transmission rate of each user is 10(bps/Hz), and the minimum required harvest energy of each user is 0.01W . Fig. 3 shows the number of iterations of a single user system. It is observed that the maximum energy efficiency of the system is achieved after 5 iterations. In addition, we find that for different noise power σ 2 , the energy efficiency is also different. The larger the noise power, the lower energy efficiency. This is due to the fact that when the noise increases, the energy consumption will also increase, which results in the lower energy efficiency. Algorithm 1: The user also uses some subcarriers to decode information and uses remaining subcarriers to harvest energy. And the subcarrier allocation is the same as our proposed algorithm, while the power is equally allocated over all subcarriers.
A. SINGLE USER SYSTEM
Algorithm 2: The user utilizes the same number of subcarriers for information decoding and energy harvesting, while the power allocation is the same as the proposed algorithm.
Baseline Algorithm: The target is to maximize the throughput of the system rather than the energy efficiency, while the constraints of the optimization problem remain unchanged.
In Fig. 4 , we can observe that our algorithm is better than the other benchmark algorithms. We notice that when the transmission power is small, the energy efficiency becomes larger when the transmission power increases, this is because the transmission rate increases rapidly as the transmission power increases, while the system power consumption increases slowly. However, when the transmission power reaches to 0.6W , the energy efficiency stops increase. This is because that once the user reaches the target transmission rate and the minimum required harvest energy, the transmitter stops increasing the transmission power to increase the energy efficiency. The baseline algorithm is very close to the proposed algorithm at first, and then the energy efficiency of the baseline algorithm begins to decrease when the transmission power is larger than 0.6W . This is because the baseline algorithm consumes more power in order to achieve a larger transmission rate, which results in the decrease of energy efficiency. The energy efficiency of Algorithm 2 is lower than the other algorithms. The reason is that there are always fixed half of the subcarriers allocated to perform information decoding in Algorithm 2 with a small target transmission rate, while the other algorithms only need to use fewer subcarriers to achieve the target transmission rate, which will leave more subcarriers to harvest energy to compensate for the energy consumption of the system.
B. MULTIUSER SYSTEM
In the multiuser system, we let K = 4, i.e., there are 4 users in the system and P B = P R = 0.05W . Fig. 5 shows that the FIGURE 5. Number of iterations versus energy efficiency. VOLUME 6, 2018 number of iterations versus energy efficiency at different σ 2 . We can see that after 6 iterations, the system can achieve the maximum energy efficiency. Compared with Fig. 3 , we find that the energy efficiency becomes smaller with more users. Although the throughput of the system increases as the number of users increases, however, the power consumption of the user also increases with the increase number of users. Fig. 6 shows the achievable rate of the four users when R min k = 10bps/Hz. We can see that when the users achieve their target transmission rate, their transmission rate stops increasing. As the channel condition of each user is different, the trend of reaching the target transmission rate is also different, where the channel condition of user 4 is the best, while user 1 has the worst channel condition. In Fig. 7 , we verify the effect of P B on energy efficiency in the multiuser system. It is clear that the increase of P B leads to the decrease of energy efficiency. In fact, the same results will also be found in single user system. This is because that the increase of P B makes the total power consumption increase, which in turn leads to the decrease of energy efficiency. The description of the baseline algorithm and Algorithm 1 is similar to that in the single user system, except that the number of users of baseline algorithm and Algorithms 1 are four. We observe that the trend of the figure is similar under the condition of different noise power. Similar to the single user system, the baseline algorithm is also close to the proposed algorithm at P < 0.9W . Once P > 0.9W , the baseline algorithm consumes more power in order to achieve a higher rate, thus the energy efficiency begins to decrease. In Algorithm 1, the power is equally allocated over all subcarriers, so the energy efficiency is lower than other algorithms. And in the multiuser system, our algorithm is still higher than other benchmark algorithms.
V. CONCLUSION
In this paper, we proposed energy efficiency optimization schemes for the OFDM based 5G wireless networks with SWIPT for single user and multiple user cases. For those two cases, Dinkelbach iterative method and Lagrange dual method are used to solve the non-convex energy efficiency optimization problem. In the proposed schemes, the subcarrier and power allocation are jointly optimized to maximize the system energy efficiency. Simulation results show that compared with other algorithms, our proposed algorithm can achieve higher energy efficiency provide the insight into the effect of total transmit power and noise power on the system performance. 
